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Anomalously strong diffraction from a bilayer lattice of dielectric microspheres, previously reported
by the authors, has been attributed to the enhancement of diffraction by specular resonance in
constituent bispheres. On the basis of rigorous calculations and experiments, specular resonance
basis of rigorous numerical calculations and experiments in
the present letter.
Second, more detailed experimental results on diffrac-
tion from multilayer lattices of microspheres are presented.
The discussion in the previous letter14 was based on limited
experimental results and rather qualitative. In this letter, the
specular-resonance model is improved in a more quantitative
manner, and compared with experiments in detail.
Finally, prospects of the application of bilayer lattice of
microspheres to blazed diffraction gratings are discussed. Al-
though the lattice used in our study is not optimized at all as
a diffraction device, our bilayer lattice exhibits a large effi-
ciency comparable to that of the conventional blazed
gratings.14 This suggests the potential ability of specular
resonance as a blazing mechanism. Consequently, in this let-
ter, important factors for designing a diffraction device are
discussed, and promising structures and parameter ranges for
gratings are proposed.
II. METHOD OF EXPERIMENT
In this section, a fabrication method of various clusters
of microspheres used in the successive sections, and a mea-
surement method of light scattering ~or diffraction! proper-
ties of these clusters are described.
A. Assembly of microsphere clusters
Clusters of polyvinyltoluene ~refractive index n51.58)
spheres with a diameter D.2 mm were assembled on glass
substrates by use of a piezoelectric micromanipulator in-
stalled in a field-emission scanning electron microscope.21,22
The substrates were coated with a conductive indium tin ox-
ide ~ITO! layer, but the spheres were not coated with con-
ductive materials. The spheres were manipulated with a
gold-coated glass needle with a tip radius of 500 nm. For
accurate assembly, spheres within a diameter tolerance of
60.5% were selected in situ, and positioned to match a
computer-generated template image superimposed on the mi-
croscope monitor. The size of the spheres corresponds to a
dimensionless size parameter S5pD/l.10 for the wave-
length l50.633 mm used in this study. It has been suggested
that the presence of a substrate does not affect the scattering
property at similar S values,19,23 although it does in a smaller
range (S&5).24 The micromanipulation technique is suitable
for the investigation of the relationship between microstruc-
tures and optical properties, because completely controlled
precise structures can be realized,25,26 in contrast to self-
assembly techniques, in which stable structures are limited
and defects are apt to occur.
Figure 1 displays the fabricated structures. The tetrahe-
dral cluster and the bilayer triangular-prismatic cluster
shown in Figs. 1~a! and 1~b!, respectively, are used for the
experimental verification of the scattering solutions obtained
by rigorous numerical calculation in Sec. III. Moreover,
close-packed periodic lattices with one, two, and three layers
were assembled to investigate their diffraction properties in
Sec. IV. Figures 1~c! and 1~d! present bilayer and trilayer
lattices, respectively.
B. Measurement of light scattering from microsphere
clusters
To observe the scattering intensity distribution over the
upper half space of the substrate, the optical setup of Fig.
2~a! was used. Clusters were illuminated from the substrate
side with a collimated beam of He–Ne laser L at various
incidence angles a. The scattered light was collected with an
objective lens L1 with a numerical aperture (NA)50.95. The
incident light is linearly polarized, but the polarization of
scattered light is not considered. This setup consists of two
optical systems, which share several optical components.
One optical system is a microscope to magnify the real space
image of a cluster. The first magnification stage is formed by
L1 and L2 , and the intermediate real image is projected on a
screen S with a circular aperture, whose diameter is slightly
larger than the magnified image of the cluster so that only
light waves passed around the cluster can propagate further
away. The intermediate image is once more magnified with
L3 , and then projected onto an electronically cooled charge-
coupled-device ~CCD! camera C1 . Another optical system is
a microscope to observe the angular distribution of the scat-
tered light. At the back focal point B of L1 , the Fourier
pattern of the real space image, or the kz50 plane of the
wave vector space, is formed.27 This image corresponds to
the direct mapping of the differential scattering cross section
or the reciprocal lattice space of a periodic system, and is
simply understandable as an image that visualizes the direc-
tion of the scattered ~or diffracted! light. This is called a
scattering image or a diffraction image hereafter. This image
was once magnified with lenses L2 and L3 , branched off
from the real image system with a half mirror H, magnified
once more with L4 , and projected onto a CCD camera C2
cooled with liquid nitrogen. Although numerous scattered
FIG. 1. Scanning electron micrographs of the clusters. ~a! A tetrahedral
cluster of D52.03 mm (S510.1) and ~b! a bilayer triangular-prismatic
cluster of D51.99 mm (S59.86) assembled on a glass substrate coated
with a 90 nm thick ITO film. ~c! A bilayer and ~d! a trilayer lattice consisting
of 31 and 37 spheres of D52.10 mm (S510.4), respectively ~see Ref. 14!;
the latter has a face-centered-cubic structure. A monolayer lattice made of
19 spheres was also assembled ~not shown!. For lattices of ~c! and ~d!, the
substrate is coated with a 190 nm thick ITO and a 80 nm thick polystyrene
layer. A polystyrene layer was necessary for enhancing adhesion to the
spheres and realizing stable construction. A voltage of 236 V was applied
to the needle to pick up spheres in assembling ~c! and ~d!. To prevent some
resonant artifacts on scattering ~or diffraction!, the thickness of the over-
coats was chosen not to form an optical cavity for l50.633 mm.
794 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Miyazaki et al.
Downloaded 17 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
waves irrelevant to the cluster of interest were also collected
by L1 , the scattering ~or diffraction! image only from the
cluster could be observed by restricting the intermediate real
image with the aperture on S. This setup is an optical ana-
logue of the selected-area diffraction technique in the elec-
tron microscopy.28 We used a similar setup also in a previous
study on bispheres.19
The inset of Fig. 2~a! depicts the coordinate system of
the scattering measurement. The surface of the substrate co-
incides with the xy plane. The wave vector of the incident
light ki lies in the xz plane ~incidence plane! and makes an
angle a (0°<a<90°) with the z axis. The polarization per-
pendicular and parallel to the incidence plane is defined as s
and p , respectively. The first layers of all clusters used in this
study are triangular lattices, which have two major directions
G – M and G – K . The orientations of the lattices were ad-
justed so that the G – M or G – K direction is parallel to the x
axis as shown in Fig. 2~b!. ki receives a momentum transfer
Dk by scattering, and goes out as a scattering light ko in the
direction of ~u, f!, where 0°<u<180° and 0°<f<360°.
Their xy components, denoted as kii , Dki , and koi , are
visualized in the scattering ~or diffraction! image obtained by
C2 as exemplified in Fig. 2~c!. The brightest spot on the
right-hand side is a transmission spot. Since kii
5(k sin a,0), where k52p/l , this spot moves horizontally
along the kx axis as a varies. The transmission spot is so
intense because it includes the direct beam that passed small
open spaces around the cluster, in addition to the true for-
ward scattering light. Other spots represent the scattered
lights from the cluster. The observable range of the wave
vector space through L1 is limited to a circle with a radius of
kNA50.95k . The intensity of the scattering image was nor-
malized by the peak intensity for an open space, where there
is nothing on the substrate, for each a values. Therefore, the
a-dependence of the Fresnel factors of the substrate is can-
celled out in the scattering intensity.
III. SCATTERING BY CLUSTERS AND SPECULAR
RESONANCE OF BISPHERES
In this section, the validity of the assumption in the pre-
vious letter14 that specular resonance in constituent bispheres
works as a dominant scattering path in clusters of
wavelength-sized microspheres (S<10) is clarified on the
basis of systematic rigorous calculations and experiments.
A. Method of rigorous calculation
Light scattering from a cluster of dielectric spheres was
obtained by the exact solution of Maxwell’s equations. Our
method is based on the vector spherical harmonics expan-
sion, a method of conventional calculation of systems com-
posed of spheres, and the expansion coefficients were ob-
tained by the recursive relation derived by Mackowski.29
The details of the calculation for linear arrays are de-
scribed in Refs. 30 and 20. It is generalized for arbitrary
arrangements in the present letter. We discuss dimen-
sionless differential scattering cross section30–32 s(u ,f)
5limr→‘ 4pr2uEsu2/$p(D/2)2uEiu2%, where r is the distance
of the observation point from the origin and Ei and Es are the
amplitudes of the incident and the scattered waves, respec-
tively. This s is simply called scattering intensity and is dis-
played in the form of a scattering image hereafter.33 The
cutoff expansion order of the vector spherical harmonics was
20 except noted. The convergence was confirmed from both
values of the internal energy and the total scattering cross
section. The substrate is not considered in the calculation.
The above calculation method is applicable to systems con-
structed of small number of spheres as shown in Figs. 1~a!
and 1~b!. However, the calculation on clusters made up of
FIG. 2. ~a! Experimental setup for observing scattering ~or diffraction! im-
ages. L, He–Ne laser (l50.633 mm); F, neutral-density filters; W, half-
wave plate; M, mirror; C, cluster on a substrate; L1 , objective lens (NA
50.95); B, back-focal plane of L1 ; L2 , imaging lens ( f 5400 mm); S,
screen with an aperture; Ms , movable mask; L3 , lens ( f 5100 mm); H, half
mirror; L4 , lens ( f 550 mm); C1 , electronically cooled CCD camera for
real images; C2 , liquid-nitrogen-cooled CCD camera for scattering ~or dif-
fraction! images. The polarization of the incident light is changed by the
rotation of W. M moves along the optical axis of L and varies a as depicted
by the dashed lines. The inset shows a closeup of the cluster and the coor-
dinate system. The angle of incidence a can be varied in the xz plane. The
direction of the scattered light ko is expressed by angles u from the z axis
and f from the x axis. ~b! Two representative orientations of clusters. The
second layer is illustrated with thick lines. ~c! Typical scattering ~or diffrac-
tion! image from a G – M oriented bilayer lattice for s polarization at a
530°. This is a direct mapping of the (kx ,ky) plane. kii , koi , and Dki
within a circle with a radius of kNA can be observed.
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tens of spheres as large as S.10 as exemplified in Figs. 1~c!
and 1~d! is still difficult. Therefore, approximation is used in
Sec. IV.
B. Scattering from tetrahedral clusters
The simplest three-dimensional ~3D! structure com-
prised of spheres is a tetrahedral cluster. Figure 3 shows the
calculated scattering images for G – M oriented tetrahedral
clusters with various S values at a50°. As clearly seen in
Figs. 3~a!–3~d!, three scattering spots in the directions of f
560°, 180°, and 300° are the common features. These spots
appear at u.50° when S.3, are unstable in the range of
S53 – 5 as seen in Fig. 3~b!, and converge to u.70° during
S55 – 10. Their sizes tend to decrease as S increases; a
small spot means a highly directional scattering wave.
Next, let us look into the a-dependence of the scattering
from tetrahedral clusters @Figs. 4~d!–4~f!#. Characteristic
changes were observed in the range of a<0°. As a de-
creases, the transmission spot, which was located at the cen-
ter at a50°, moves to the left-hand side along the kx axis.
On the contrary, the scattering spot in the direction of f
5180° ~denoted by arrows! moves to the right-hand side
along the same axis, just opposite to what one would expect
for a diffraction spot. These spots pass by each other at a
.235°, and further move to the left- and right-hand side,
respectively, as a decreases. On the other hand, the scattering
spots in the directions of f560° and 300° disappear at a
,0°. This behavior was general for S*5. As is seen from
the comparison between Figs. 4~d!–4~f! and 4~g!–4~i!, the
results of experiment were well reproduced by the calcula-
tion, including finer features.
The scattering from the tetrahedral cluster shown above
can be easily understood when one considers that it consists
of scattering from three bispheres A, B, and C @Fig. 4~a!#. At
a50°, bispheres A, B, and C produce specular resonance
spots in the directions of f5180°, 300°, and 60°, respec-
tively. Since each bisphere forms an angle of 35.26° with the
z axis, the direction of the specular resonance ~specular re-
flection! is u570.5° for a50°. This is consistent with the
scattering direction from the tetrahedral clusters. Further-
more, a-dependence of the specular resonance spots from
constituent bispheres agreed well with that from the tetrahe-
dral clusters as follows. Scattering from bisphere A @Fig.
5~a!# is exemplified in Figs. 5~d!–5~f!. The specular spot,
which was originally located at the left edge ~arrow!, moves
to the right-hand side as a decreases. On the other hand,
specular spots from bispheres B and C move toward the di-
rections of larger u at a,0°, and disappear from the field of
view ~the results are not shown!.
C. Scattering from other clusters
A tetrahedral cluster contains only one bisphere of A
type. When two more spheres are added, we obtain a bilayer
triangular-prismatic cluster including three A-type bispheres,
as depicted in Figs. 1~b! and 4~b!. Results of calculation and
experiment on scattering from such cluster are displayed in
FIG. 3. Calculated scattering images for tetrahedral clusters of various sizes
for n51.58, a50°, and s polarization. S5~a! 3, ~b! 4, ~c! 5, and ~d! 10.
The intensity is plotted in a common linear scale. The results for p polar-
ization were similar.
FIG. 4. Incidence angle a dependence of the scattering
images from various clusters for n51.58 and s polar-
ization. ~a! A tetrahedral cluster can be decomposed
into bispheres A, B, and C, whose symmetrical axes are
close to the incident direction. ~b! Structure of a bilayer
and ~c! a trilayer triangular-prismatic cluster. ~d!–~f!
The results of the calculation for a tetrahedral cluster of
S510 for a50°, 220°, and 260°, respectively. The
a values are the same in the following. ~g!–~i! The
results of the experiment for the tetrahedral cluster of
S510.1. ~j!–~l! The results of the calculation for a bi-
layer prismatic cluster of S510. ~m!–~o! The results of
the experiment for a bilayer of S59.86. ~p!–~r! The
results of the calculation for a trilayer prismatic cluster
of S510 ~the cutoff expansion order is 16 only for
these three data!. The intensity is plotted in a common
log scale. The major scattering spots in the direction of
f5180° are indicated by the arrows. The results for p
polarization were similar.
796 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Miyazaki et al.
Downloaded 17 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
Figs. 4~j!–4~o!. Excellent agreement between the experiment
and the calculation is confirmed again. Movement of the
scattering spot along the kx axis is similar to that for a single
bisphere A. However, compared with the results of the tetra-
hedral cluster, the intensity of this spot has increased by two
or three times. This would be attributed to the increase in the
number of constituent A-type bispheres.
What happens when one more layer is stacked on this
bilayer cluster? Light scattering from a trilayer triangular-
prismatic cluster, as illustrated in Fig. 4~c!, was investigated
by calculation. The results are shown in Figs. 4~p!–4~r!. Let
us compare the scattering images of the bilayer and the
trilayer. Images for a50° are very similar. At a5220°,
they seem similar at first glance. However, the scattering
intensity for the trilayer cluster in the f5180° direction is
decreased to 20%–30% compared with that for the bilayer.
For the trilayer cluster, the upper and the lower spots are
twice as bright, and the spot for f5180° is no longer the
most prominent. The difference at a5260° is decisive. One
significant scattering spot exists on the kx axis for the bilayer
cluster. In contrast, the intensity at the same position is neg-
ligibly small, but there are other brighter spots for the
trilayer. Thus, the scattering from the trilayer cluster is not a
simple extension of that from the bilayer, but essentially dif-
ferent.
A trilayer triangular-prismatic cluster can be regarded as
an assembly of trispheres depicted in Fig. 5~b!. The calcu-
lated scattering images for a trisphere are shown in Figs.
5~g!–5~i!. At a5220°, a scattering spot in the direction of
specular reflection ~arrow! can be recognized. However,
other spots are rather dominant and all of them are fainter
than the specular resonance spot for a bisphere. At a5
260°, the scattering in the specular direction from the tri-
sphere is very dim and other spots are more pronounced. By
comparing Figs. 5~g!–5~i! and Figs. 4~p!–4~r!, we can find
similarity in the scattering from a trisphere and a trilayer
cluster.
Scattering from much longer chains was also calculated.
The scattering @Figs. 5~j!–5~l!# from a linear chain of five
spheres @Fig. 5~c!# exhibits finer structures, but the major
features are common to those for trispheres. The results for a
four-sphere chain were similar.
In summary, a cluster of spheres of S*5 generally has
scattering properties strongly dependent on constituent linear
chains. Therefore, scattering from a cluster composed of bi-
spheres is easily understood as a sum of the specular reso-
nance also in a wavelength-sized system. Prominent specular
resonance is a scattering phenomenon unique to bispheres,
which is hardly observed in linear chains of spheres of other
numbers. Consequently, a cluster made up of bispheres
should be viewed as a peculiar system with respect to the
scattering characteristics.
IV. DIFFRACTION FROM A BILAYER LATTICE
ENHANCED BY SPECULAR RESONANCE
On the basis of the previous section, a bilayer lattice of
microspheres, i.e., a monolayer lattice of bispheres, is ex-
pected to exhibit some special optical properties, which are
not seen in lattices with other numbers of layers. We have
shown in our previous letter14 that a bilayer microsphere lat-
tice yields anomalously intense diffraction, and that it is ex-
plained in terms of the specular-resonance model. In this
section, a refined specular-resonance model will be described
in addition to more detailed experimental results.
A. Diffraction from a monolayer lattice
The most fundamental periodic system would be a
monolayer lattice. As shown in Fig. 6, the diffraction image
from a monolayer is always a triangular array of small spots
centered at the transmission spot for any a values. The in-
tensity of each spot is almost independent of a, because the
reciprocal lattice of the monolayer lattice consists of rods
perpendicular to the xy plane, and the Bragg diffraction con-
dition Dki5g, where g is a reciprocal lattice vector, is al-
ways satisfied.34 In the G – M direction, reciprocal points up
to the eleventh shell were recognized in the range of 260°
<a<60°. Such regular arrays of small spots suggest that
this finite cluster, whose side consists of only three spheres,
is sufficiently large to study the diffraction properties. The
raw diffraction images obtained by the camera C2 , as exem-
plified in Figs. 2~c! and 6~d!, are inconvenient to discuss the
reciprocal lattice, because the origin of Dki moves as a var-
ies. Consequently, the diffraction image will be presented in
such a manner that the transmission spot is always located at
the center of the image hereafter, so that the diffraction im-
age for a monolayer lattice is unaffected by a.
FIG. 5. Incidence angle a dependence of the calculated scattering images
from linear chains of spheres lying in the incidence plane for n51.58, S
510, and s polarization. Structure of the linear chains of ~a! two, ~b! three,
and ~c! five spheres. ~d!–~f! The results for a bisphere for a50°, 220°,
and 260°, respectively. ~g!–~i! Those for linear chains of three and ~j!–~l!
five spheres. The intensity is plotted in a common linear scale. The major
scattering spots in the direction of f5180° are indicated by the arrows. The
results for p polarization were similar.
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B. Diffraction from multilayer lattices
Figure 7 displays representative real and diffraction im-
ages from a G – M oriented bilayer lattice for oblique
incidence.14 One great difference in the diffraction images
from those of the monolayer is the limited number of bright
spots. Furthermore, these spots moves depending on a. At
a.0°, pairs of spots ~denoted by circles in Fig. 7! are seen
at the upper and lower edges, and they move to the right-
hand side as a decreases. At a.0°, another spot appears at
the left-hand side edge, and the upper and the lower spots
disappear. The spot at the left-hand side edge moves to the
right-hand side as a decreases, and it passes by the transmis-
sion spot at the center at a.235°. This behavior is inde-
pendent of the polarization. The movement of the bright
spots is not continuous in the image, but the possible sites of
the spots are restricted to the positions of the diffraction
spots from the monolayer lattice. As a varies, the bright site
is exchanged one after another. This is clearly visualized in
Fig. 8.
Let us focus on the diffraction spot in the range of a
,0°. This spot is more intense than those in a.0°, and
shows simple movement, i.e., moves along the kx axis. Fig-
ure 8 presents the intensity profiles on the kx axis for various
a values. It is obvious that the possible sites of the diffrac-
tion spots are discrete. These sites are called G1 , G2 , G3 ,
and G4 .
The real and diffraction images from a trilayer lattice for
oblique incidence were almost identical to the results for the
bilayer shown in Fig. 7. However, when the intensity profiles
were quantitatively compared, the peak intensities for the
trilayer cluster were smaller than those for the bilayer.
The overall features above seem to be natural results of
Bragg diffraction from a 3D lattice in that a diffraction spot
is not persistent but appears only at limited a values, and in
FIG. 6. Real and diffraction images of the G – M oriented monolayer lattice
for p polarization at representative a values. ~a! and ~b! Real images ~dis-
played area: 17.5317.5 mm). ~c! and ~d! Diffraction images ~displayed
area: 20320 mm21). ~a! and ~c! a50°; ~b! and ~d! 246°. As seen from
the index lines in ~a! and ~b!, real images look shifted in the horizontal
direction depending on a values. For reproducible setting, the focus was
adjusted for all lattices, so that the visibility of the intense spots indicating
the outermost spheres become the maximum at a50°. Since spheres of this
size have a lenslike function, the focal plane is probably positioned slightly
above the upper surfaces of the spheres of the first layer. As a consequence,
the entire image seems apparently shifted for oblique incidence. The inten-
sity is plotted in a common linear scale.
FIG. 7. Real and diffraction images of the G – M oriented bilayer lattice for
p polarization at representative a values ~see Ref. 14!. ~a!–~c! Typical real
images at a.0°, a.0°, and a,0°, respectively ~displayed area: 17.5
317.5 mm). ~d!–~j! Diffraction images ~displayed area: 20320 mm21).
a5(a)30°, ~b! 4°, ~c! 246°, ~d! 30°, ~e! 18°, ~f! 4°, ~g! 210°, ~h! 222°,
~i! 246°, and ~j! 258°. The intensity is plotted in a linear scale. The
intensity in ~d!–~f! is enhanced by a factor of 4 compared with that in
~g!–~j!. Diffraction spots in ~d!–~f! are indicated by circles.
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that the possible sites of the diffraction spots are limited to
the reciprocal lattice points of the monolayer. However, as
described in Ref. 14, experimentally observed a-dependence
of the diffraction intensity could not be explained by use of a
representation based on the conventional Bragg diffraction
theory, i.e., an interlayer-interference model, in which the
diffraction waves from monolayer lattices of homogeneous
scatterers cause interference. Although this model predicts
sinusoidal oscillation of the diffraction intensity as a function
of a, the experimental diffraction condition turned out to be
much more difficult to satisfy, and only one peak was ob-
served at a certain a value. In addition, the peak intensity
should increase in proportion to ~number of layers!2 by the
model, but the intensity found in the experiment showed un-
expectedly large enhancement ~5.3–8.3 times! for the bilayer
lattice, and much suppression for the trilayer.
C. Specular resonance model
In our previous letter,14 we demonstrated that the specu-
lar resonance model, in which a bilayer lattice is regarded as
a 2D array of bispheres, qualitatively explains the experi-
mental results of Fig. 7. Here, this model will be improved to
a more quantitative one. This is of importance in designing
an optimum bilayer lattice of microspheres as a diffraction
device, in addition to verifying the validity of the model by
comparison with experimental results.
If the particular scattering property of the bisphere units
is incorporated as a structure factor, the diffraction from a
bilayer lattice of microspheres is expressed by conventional
diffraction theory for 2D lattices. The diffraction intensity I
corresponding to a scattering vector Dk can be written as
I~Dk!5D~Dk!uS~Dk!u2, ~1!
where D(Dk) and S(Dk) are the diffraction function of a 2D
lattice and the structure factor, respectively.34,35 Let us exam-
ine whether the diffraction spots on the kx axis from the
G – M oriented lattice shown in Figs. 7~g!–7~j! and Fig. 8 are
reproduced by this model. The effect of the limited lateral
extent of the lattice is also taken into account. As illustrated
in Fig. 9, the G – M oriented bilayer lattice is regarded as an
array of four bispheres parallel to the xz plane with a period
d5)D/2 in the x direction (gix). The diffraction from this
lattice is approximated to be a diffraction from one-
dimensional ~1D! lattice in the x direction, because all of ki ,
ko , and g lie in the xz plane. Suppose a 1D periodic array of
slits with a period d in the x direction on an opaque planar
screen to be placed on the xy plane. The width and the length
of the slit is w in the x direction and infinite in the y , re-
spectively. The number of the slits is N . When an incident
light ki is diffracted and receives a momentum transfer Dkx ,
the diffraction intensity is expressed as,35,36
D~Dkx!5
sin2S NdDkx2 D
sin2S dDkx2 D
sinc2S wDkx2 D , ~2!
where sinc x5sin x/x. The first term is the diffraction func-
tion from a finite lattice, which was also used in the
interlayer-interference model in our previous letter.14 For the
G – M oriented bilayer lattice, d5)D/2 and N54. The sec-
ond term of Eq. ~2! indicates the diffraction from a single
slit, and gives the envelope of D(Dkx). Fitting to the experi-
mental diffraction intensity profiles of the monolayer lattice
yielded a value of w50.41 mm; this small value corre-
sponds to the fact that the incident light is focused into small
spots by each sphere of the first layer as seen in Figs. 6~a!
and 6~b!. D(Dkx) is presented in Fig. 10~a!.
FIG. 8. Transition of the intensity profile of the diffraction images along the
kx axis for the G – M oriented bilayer lattice for p polarization. It is clearly
seen that possible sites of the diffraction spots are discrete and fixed to the
reciprocal lattice space. These sites are called G1 , G2 , G3 , and G4 .
FIG. 9. Cross section of the G – M oriented bilayer lattice at the xz plane.
Bispheres lying in the xz plane make an angle d to the z axis. The incident
light ki is specularly reflected by these bispheres and goes out as ko in the
same plane.
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Next, the structure factor term uS(Dk)u2 is considered.
As depicted in Fig. 9, the incident light with the angle a is
specularly reflected by bispheres in the direction of 2(2d
1a), where d (535.3°) is the angle between the symmetri-
cal axis of bispheres and the z axis. The angular distribution
of this specular resonance light is approximated by a Gauss-
ian. Since the average angular width @full width at half maxi-
mum ~FWHM!# of the specular resonance from a bisphere of
S510 and n51.58 was found to be 15° from the results in
Ref. 20, a width of wave vector Dk1/e corresponding to this
angular width was considered. Here, the distribution of the
specular resonance light in the x direction is written as
uS~Dkx!u25expF2 $Dkx1k sin~2d1a!2k sin a%2Dk1/e2 G .
~3!
An example of uS(Dkx)u2 is shown in Fig. 10~b!. This peak
moves as a function of a.
The diffraction intensity I(Dkx) is given as a product of
these two functions. The results are shown in Fig. 10~c!.
Since the contribution of the direct beam in the direction of
the forward scattering is not included in this model, a range
close to the transmission spot, i.e., the shaded region, cannot
be compared with the experiment. However, other features
agree very well with the experimental results in Fig. 8. In the
specular-resonance model, the diffraction intensity shows a
peak only when the direction of the diffracted wave and that
of the specular resonance coincide with each other, and does
not oscillate with a. Furthermore, since the difference of the
diffraction intensity between the monolayer and the bilayer is
determined by the scattering properties of the unit scatterers
~a single sphere for the monolayer and a bisphere for the
bilayer!, not by ~number of layers!,2 enhancement of the in-
tensity over the factor of 4 expected from the interlayer-
interference model is not surprising.
D. Origin of the diffraction from the trilayer lattice
Next, the diffraction from the trilayer lattice is discussed.
Since upper layer consists of fewer spheres, our lattices are
not pure multilayer lattices. In the trilayer lattice, the central
region is composed of three layers, but is surrounded by
bilayer and monolayer regions. As shown in Sec. III, a clus-
ter can be decomposed into linear chains with symmetrical
axes close to the incidence direction, and only bispheres ex-
hibit strong specular resonance. Figure 11~a! depicts the
cross section of the trilayer lattice and the directions of the
incident and the diffracted light at a,0°. The light incident
on the right-hand side region of the lattice would be scattered
by trispheres ~densely shaded region!, and that incident on
the left-hand side by bispheres or monospheres.
We experimentally investigated the portion of the
trilayer lattice responsible for the diffracted light, by use of
the movable mask Ms @Fig. 2~a!#. If a part of the intermediate
image of the lattice is hidden, the contribution of this part to
the diffraction is removed. Figure 11 shows the change in the
diffraction image when a part of the trilayer lattice @regions
A, B, and C in Fig. 11~b!# is gradually covered with a trian-
gular mask Ms @Fig. 2~a!#, while the spot G3 is present at
a5246°. When region A is hidden @Fig. 11~c!#, the diffrac-
tion intensity decreased by 10% @Fig. 11~f!#. When the hid-
den area is increased to B @Fig. 11~d!#, 70% of the intensity
is still maintained @Fig. 11~g!#. However, when the region is
slightly enlarged to C @Fig. 11~e!#, the diffraction intensity
falls down to only 10% of the original value @Fig. 11~h!#.
Similar results were confirmed for other a values. Quantita-
tive discussion on the contribution of each area is not easy,
because observed diffraction intensity is given by the square
of the sum of the scattered fields from various regions. None-
theless, the results shown in Figs. 11~c!–11~h! would be suf-
ficient to demonstrate that the G3 spot is dominated by the
contribution from the small region between B and C in Fig.
11~b!, i.e., the bilayer region.
The trilayer lattice is decomposed into six trispheres, six
bispheres, and seven monospheres, as Fig. 11~b! illustrates.
On the other hand, the bilayer lattice is made up of twelve
bispheres and seven monospheres. As has been revealed in
FIG. 10. Diffraction intensity profile calculated by the specular-resonance
model. ~a! Diffraction function along the kx axis D(Dkx) of a G – M oriented
1D lattice. ~b! Intensity profile of a typical specular resonance spot
uS(Dkx)u2. This is an example for a5246°, and the peak moves as a
function of a. The angular width ~FWHM! of the peak is set to 15°. ~c!
Transition of the diffraction intensity profile along the kx axis for the G – M
oriented lattice, which is obtained by multiplying ~a! by ~b! for each a
values. The shaded region cannot be compared with the experimental results
in Fig. 8, because direct beam also contributes to the transmission spot in the
experiment.
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Fig. 5, the intensity of the specular resonance from a tri-
sphere is very small compared with that from a bisphere.
Moreover, the number of the bispheres contained in the
trilayer lattice is one half of that in the bilayer lattice. These
reasonably explain that the diffraction intensity from the
trilayer is about one half of that from the bilayer. Although
our trilayer sample was limited to a face-centered-cubic
structure ~ABC stacking!, the results would be the same for a
trilayer lattice with a hexagonal close-packed structure ~ABA
stacking!, on the basis of geometrical consideration.
E. Other diffraction spots from the bilayer lattice
The specular-resonance model describes behavior of dif-
fraction spots in addition to G1;G4 . In our previous letter,14
we have already demonstrated that pairs of spots from the
G – M oriented bilayer lattice at the upper and the lower
edges in Figs. 7~d!–7~f! are reasonably explained by the co-
incidence of the reciprocal lattice points and the specular
resonance spot.
Figure 12 shows typical real and diffraction images from
the G – K oriented bilayer lattice. As a decreases, spots cross
the upper half space from the left- to the right-hand side. For
a certain a value, only a single spot is eminent, and for
another a, two spots aligned in the ky direction are simulta-
neously prominent. At a.210°, another spot appears at the
lower edge. The G – K oriented bilayer lattice is constructed
of three types of bispheres depicted in Fig. 13~a!. Figure
13~b! illustrates the trajectories of the specular-resonance
spots by these bispheres. Circles denote the positions of the
specular resonance spots for the representative a values in
Fig. 12. At a5228° and 252°, the specular-resonance spot
from bisphere C passes between two reciprocal lattice points
FIG. 11. Results of experiment to identify the origin of the diffraction wave
from a trilayer lattice. ~a! The trilayer lattice used in this study can be
decomposed into trilayer ~densely shaded!, bilayer ~lightly shaded!, and
monolayer regions for G – M orientation and a,0°. ~b! Regions hidden by
the movable mask Ms @Fig. 2~a!# is denoted by A, B, and C. ~c!–~e! Real
images for p polarization at a5246° ~displayed area: 17.5317.5 mm).
The actual position of the lattice is outlined in ~c!; note that the image of the
lattice seems apparently shifted to the left at a5246°, as explained in the
caption of Fig. 6. ~f!–~h! Diffraction images ~displayed area: 10
310 mm21). ki and ko are the transmission spot and the diffraction spot
corresponding to G3 , respectively. ~c! and ~f! Images when region A is
obstructed; ~d! and ~g! region B; and ~e! and ~h! region C.
FIG. 12. Real and diffraction images of the G – K oriented bilayer lattice for
s polarization at representative a values. ~a! and ~b! Typical real images
~displayed area: 17.5317.5 mm). ~c!–~h! Diffraction images ~displayed
area: 20320 mm21). a5(a)210°, ~b! 240°, ~c! 210°, ~d! 218°, ~e!
228°, ~f! 240°, ~g! 252°, and ~h! 260°. The intensity of the diffraction
images is enhanced by a factor of two compared with that in Figs. 7~g!–7~j!,
and plotted in a linear scale. The results for a,0° were symmetrical with
respect to a50°. The results for p polarization were similar.
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aligned along the ky direction. And this spot goes by recip-
rocal points at a5218°, 240°, and 260°. As a conse-
quence, all of the observed features of the diffraction spots
are understood by the specular-resonance model also in the
G – K direction.
V. TRANSMISSION GRATING BLAZED BY SPECULAR
RESONANCE
A. Bilayer lattice of microspheres as a diffraction
grating
Since the diffraction from the bilayer lattice originates
from twelve bisphere units in our experiment, the intrinsic
diffraction efficiency of the bilayer lattice can be obtained as
the ratio of the diffraction intensity to the intensity incident
on the twelve spheres of the first layer. The maximum effi-
ciency was estimated to be 55% for p and 52% for s polar-
ization ~at spot G3).14 Polarization dependence was similarly
small for other spots on the kx axis from the G – M oriented
lattice.37 The bilayer lattice possesses diffraction properties
almost comparable to that of conventional blazed transmis-
sion gratings ~typical efficiency: 50%–80%!.38
The bilayer lattice used in this study is not optimized at
all as a diffraction device. The intensity of specular reso-
nance depends on S ~or D) and n . Consequently, if D and n
are carefully chosen, there is a good chance of obtaining
much larger efficiency.
B. Structures of diffraction gratings employing
specular resonance
Diffraction gratings are indispensable elements for spec-
troscopy and optical communication. In particular, the im-
portance of transmission-type gratings is increasing as cou-
plers, splitters, or add/drop filters in optical integrated
circuits or optical information equipment. One crucial issue
in gratings is the blazing: A technique to concentrate energy
in a particular diffraction wave with a certain order m by
optimizing the shape of a unit microstructure on the surface.
In the wavelength region of d/l.5 ~often called ‘‘scalar
domain’’ in the conventional grating theory!, the unit struc-
ture is a triangle whose slope is designed so that the direction
of the geometrical-optics reflection ~refraction! coincides
with that of a certain diffraction light in a reflection ~trans-
mission! grating. However, when l and d are comparable
~such a wavelength region is called a ‘‘resonance domain’’!,
a definitive guiding principle for blazing is missing.38,39
In the diffraction from the bilayer lattice, a particular
diffraction wave from the 2D lattice was selectively en-
hanced by specular resonance of unit bispheres at d/l
52.9; i.e., the specular resonance works as a blazing mecha-
nism in the resonance domain.
Here, it should be emphasized that close-packed lattice
of microspheres is not the only solution to realize specular-
resonance-enhanced diffraction. We have demonstrated that
specular resonance occurs in various bisphere systems.20
There is no need for the spheres to be in contact. Two par-
allel cylinders exhibit similar scattering. The spheres can be
also replaced with lenses ~including graded-index types!, be-
cause the first and the second spheres of a bisphere work as
a focusing and a collimating lens, respectively. Even the ratio
of the diameters of two spheres ~or the focal lengths of two
lenses! can be varied; this leads to the change in the direction
of the specular-resonance wave.
Let us look for possible configurations of efficient trans-
mission gratings, starting from a bilayer lattice of micro-
spheres with optimized D and n as a base structure. A self-
assembled lattice of microspheres is usually a stack of close-
packed triangular lattices,5,7 as the lattices used in this study.
However, another structure can be realized by use of a mi-
cromachined template substrate.40 As a representative, a
square lattice is also considered @Fig. 14~a!#. For high effi-
ciency, the spheres should be in contact in the lateral plane.
If a self-assembly technique is used, the arrangement of the
second layer is uniquely determined @Fig. 14~b!#. To lay the
specular-resonance-enhanced diffraction wave in the inci-
dence plane (xz plane!, the lattices should be placed so that
their G – M directions are parallel to the x axis in both of the
triangular and the square lattices as shown in Fig. 14~a!.
Then, the bispheres composed of a sphere in the first layer
and another in the second layer lie in the xz plane. The angle
of the symmetrical axis of bispheres to the z axis is denoted
as d. For a triangular lattice, d535.3° and d5)D/2; for a
square lattice, d545° and d5D/&; and for a bilayer of
cylinders, d530° and d5D .
Although there is little freedom of design modification in
close-packed bilayer structures, d can be arbitrarily chosen if
two substrates carrying respective monolayer lattices of mi-
crospheres are facing each other via a spacer layer @Fig.
14~c!#. Such a structure would be feasible because existing
liquid-crystal displays or stacked diffraction elements have
similar configurations. Tuning of the spacing or lateral posi-
tioning of the layers would be also possible by employing
piezoelectric or electrostatic actuators @Fig. 14~d!#. In par-
ticular, the lateral movement is of great importance for ap-
plication, since it enables electronic switching of enhanced
diffraction waves or tuning of the blazing condition to an
FIG. 13. ~a! The G – K oriented bilayer lattice can be decomposed into
bispheres A, B, and C. ~b! Transition of the position of the specular reso-
nance spot ~circles! in the diffraction image for typical a values (,0°)
shown in Fig. 12. The diameter of the circle corresponds to the angular
width ~FWHM! 15° of the specular resonance wave. Dots represent the
reciprocal lattice points of the 2D lattice. Specular-resonance spots by bi-
spheres A and C cross the upper and the lower half spaces, respectively, as
illustrated by thick curves. The movement of the spot by B is symmetrical to
that by C with respect to the ky axis. Since the spot by bispheres B was not
observed in the field of view in the range of a,0°, the trajectory of B is not
shown.
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arbitrary wavelength. Monolayer lattices of microspheres can
be replaced with 2D microlens arrays or 1D micro-
cylindrical-lens arrays @Fig. 14~e!#. A microlens array is one
of the representative integrated optical components, and is
suitable for the integration with micromachined actuators.
Figure 14~f! is an application example to a so-called grism, a
hybrid element of a prism and a grating, of which the dif-
fracted light goes out parallel to the incident light. Such bi-
layers would be also promising as a grating coupler to intro-
duce ~pick! light into ~out of! a planar optical circuit.
C. Strategy for designing diffraction gratings blazed
by specular resonance
Specular resonance occurs almost independently of l, so
far as S*5 and 1.2&n&2.2.20 On the contrary, diffraction is
a phenomenon which is strongly dependent on l. For
specular-resonance-enhanced diffraction, parameters should
be carefully chosen so that both phenomena simultaneously
arise in a convenient manner. Although a rigorous solution is
not available at present, approximation, in which the prop-
erty of a single bisphere is incorporated as a structure factor,
was found to be sufficiently accurate in Sec. IV. Therefore, in
this subsection, we discuss the range of parameters for effec-
tive specular-resonance-enhanced diffraction, on the basis of
the rigorous solution of scattering from a single bisphere.
Let us consider the conditions for specular-resonance-
enhanced diffraction in the xz plane for the close-packed
bilayer of spheres or cylinders depicted in Fig. 14~b!. Here,
discussion is presented in a much simpler form than in Sec.
IV C. When a light with a given wavelength l incident at an
angle a is diffracted with a lattice with a period d in the x
direction, the direction of the diffracted light u is expressed
by the grating equation:
sin u5sin a1ml/d , ~4!
where m is the order of the diffraction and an integer. This is
the condition to give peaks of the diffraction function
D(Dkx) of Eq. ~2!. If the specular resonance occurs simul-
taneously,
u522d2a . ~5!
To enhance a diffraction wave with a particular order m ,
both equations should be satisfied. From Eqs. ~4! and ~5!,
22 cos d sin~d1a!5ml/d . ~6!
Both sides are represented in Fig. 15. Besides, the range for
yielding specular resonance with practical intensity is
roughly given by,
ud1au<30°. ~7!
This range is presented in Fig. 15 with a black bar above the
graph. Specular-resonance-enhanced diffraction occurs at a
values denoted by the open circles in Fig. 15 ~operation
points!.
FIG. 14. Fundamental configurations of blazed transmission gratings by use
of specular-resonance-enhanced diffraction. ~a! Top view of bilayer lattices
of microspheres. Triangular and square lattices are discussed. A part of the
second layer ~thick lines! is omitted to show the first layer ~thin lines!. The
lattices are oriented so that the reciprocal lattice vector of interest is parallel
to the incidence plane (xz plane!. Examples for G – M orientation are pre-
sented. ~b! Cross section of a bilayer of microspheres ~or cylinders! by
self-assembly technique. ~c! Bilayer made up of two monolayer of spheres
opposed to each other. ~d! Tunable bilayer of microspheres by use of a
piezoelectric or an electrostatic actuator. ~e! Tunable bilayer comprised of
optimally designed microlens arrays. Other examples in this figure are illus-
trated as systems composed of microspheres, however, microlens arrays are
applicable to any configurations. ~f! Grism by the combination of a prism
and a bilayer of microspheres. The transmission light (m50) is split off, but
the diffracted light (m51) goes straight on. ~g! Grating coupler realized by
a bilayer of microspheres placed on a planar optical circuit.
FIG. 15. Incidence angle a, at which a bilayer lattice of microspheres func-
tions as a blazed grating. The range satisfying Eq. ~7! is shown by a black
bar above the graph. The curve and the horizontal lines show the left- and
the right-hand sides of Eq. ~6!, respectively. Their intersecting points inside
the range of black bar are the operation points ~denoted by open circles!. If
d is changed to d1 or d2 , the ranges for Eq. ~7! move to those indicated by
white bars above the graph, and diffraction lights of m522 or 21 is
enhanced at a50°, respectively ~denoted by closed circles!.
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Major parameters for a bilayer lattice are d and d; d is
related to D and S . Figure 15 helps us to understand the
influence of these parameters. For specular-resonance-
enhanced diffraction to occur, d should be large enough, so
that the curve intersects the horizontal lines of m561, at
least, within the range of the black bar. However, if d is too
large, a lot of operation points densely appear. Regarding the
efficiency, this situation is rather inconvenient; this will be
discussed in the next paragraph. From the viewpoint of ap-
plication, a transmission grating would be convenient if it
works at a50°. Self-assembled lattice of spheres (d
535.3° or 45°) cannot fulfill Eq. ~7! at a50°. However, if
a structure, such as Figs. 14~c!–14~e!, is adopted and d is
properly chosen, the operation point ~closed circles! can be
positioned at a50° as exemplified by dashed curves in Fig.
15. If d is variable with an actuator, m , consequently u, can
be dynamically switched.
If several diffraction waves are enhanced at the same
time, the energy per wave is limited. As a consequence, a
single diffraction wave should be exclusively enhanced to
realize an efficient grating. If a50° is assumed for simplic-
ity, the angle between the transmission light (m50) and the
diffracted light of m511 is Q5sin21(l/d). The angular
width ~FWHM! of the specular resonance wave from a bi-
sphere is denoted as Du ~Fig. 9!. If Du.Q , two diffracted
waves are simultaneously enhanced with a considerable am-
plitude; Du should be much smaller. Du<Q/2 would be a
proper criterion for exclusive enhancement of a diffracted
wave ~this criterion is not absolute but arbitrarily defined
according to the required diffraction property!. Figure 16~a!
illustrates the range satisfying this condition. Du was ob-
tained by averaging the width of specular resonance peak for
various a values from the rigorous solutions for bispheres
with various S and n values. The thick curve in Fig. 16~a! is
a least-squares fit to the Du values for n51.58 ~average for p
and s polarizations!. The ranges of distribution of Du values
for various n ~1.3–2.1! at several S values are expressed
with bars ~Du for different n values randomly distributed
within the range of the bars without any systematic depen-
dence on n). The fitting curve for n51.58 would be appro-
priate as a representative trend. Figure 16~a! also gives Q/2
for triangle and square lattices. The range of S to fulfill the
criterion of Du<Q/2 is quite limited: S&6 and S&8 for a
triangle and a square lattice, respectively. The minimum limit
of S should also be considered. From Eq. ~4!, l(5pD/S)
,d should be satisfied for diffraction to occur. The vertical
lines in Fig. 16 indicate the minimum limits for this condi-
tion: S>3.6 and S>4.4 for a triangle and a square lattice,
respectively. Moreover, S*5 is necessary for specular reso-
nance. From Fig. 16~a!, we can conclude that structures, in
which only one diffraction wave is enhanced, exist roughly
in the range of S55 – 10. This range corresponds to D
50.8– 1.6 mm for a visible light of l50.5 mm, and D
52.5– 5 mm for an optical communication wavelength of
l51.55 mm. If Du becomes smaller, the restriction of S will
be relaxed. Although smaller Du ~sharper specular reso-
nance! might be obtained with optimally designed micro-
lenses and drastic improvement would be difficult, because
Du in Fig. 16~a! is almost limited by the Fraunhofer limit
(.1.22l/D).
Finally, diffraction efficiency is discussed. Figure 16~b!
shows the S dependence of the efficiency of the specular
resonance for representative n and a values. This efficiency
was obtained as the ratio of the scattering intensity in the
range of Du to the incident intensity on the sphere
sp(Du/2)2/(4p), where 4p is the solid angle of the whole
space and p(Du/2)2 is that of the extent of the specular-
resonance wave. Though fine variation is present, the overall
trend of the efficiency has no clear dependence on S or n ,
and typically shows a value within 30%–50%. Since the dif-
fraction intensity from a bilayer lattice is determined by the
interference of scattered waves from individual bispheres,
this value of efficiency from a single bisphere does not di-
rectly mean the diffraction efficiency from a lattice. Figure
16~b! suggests that the parameters n51.58 and S510.4,
which gave the diffraction efficiency of 55%, are not neces-
sarily special; similar or better efficiency would be obtained
for other S or n . Furthermore, a sphere ~or a cylinder! is not
an optimum shape for the scattering in the direction of
specular reflection. If the Poynting vectors in Fig. 3 of Ref.
19 is carefully examined, a large portion of the energy is
dispersed in the directions other than the specular reflection.
If part of such energy is directed to the specular direction
with carefully designed aspherical ~noncylindrical! micro-
lenses, there is a good chance of realizing efficiency exceed-
ing conventional transmission gratings.
Self-assembly techniques of dielectric microspheres are
FIG. 16. ~a! Condition to enhance a single diffraction spot by specular
resonance for triangle and square lattices. It is desirable that the angular
width of the specular resonance Du is less than a half of the angular sepa-
ration of diffraction waves Q. Values of Du disperses in the range of bars for
different n values. The vertical lines at S.4 indicate the minimum limits of
S for a diffraction wave to arise; i.e., l5d . ~b! Size dependence of the
efficiency of the specular resonance. Fine variation in the efficiency is
mainly caused by the interference of two waves which pass inside and
outside of bispheres ~see Ref. 20!.
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in progress, and crystals with a controlled number of layers
have been demonstrated.41,42 If the reproducible fabrication
of defect-free bilayer crystals of microspheres in the range of
S55 – 10 with a large domain becomes possible, a micro-
sphere lattice will find its application as a low-cost efficient
diffraction element. Since theoretical methods for the rigor-
ous calculation of scattering from microsphere crystals have
been proposed,43–45 they should be applied to determine op-
timum values of S and n . In particular, methods by Stefanou
et al.40,41 are generalized to cover the effect of the substrate;
they would be useful to design practical gratings. Moreover,
the realization of a diffraction grating comprised of two mi-
cromachined lens arrays is expected.
VI. SUMMARY
Dominance of the specular resonance from constituent
bispheres in the scattering from a cluster of several micro-
spheres was evidenced on the basis of rigorous calculations
and experiments. We conclude that experimentally observed
efficient diffraction from a bilayer lattice containing a larger
number of microspheres similarly originates from specular
resonance in unit bispheres. Observed diffraction behavior
was accurately reproduced by use of a diffraction theory of a
2D lattice, in which the scattering property of a single bi-
sphere is incorporated as a structure factor. In the diffraction
from a bilayer lattice of microspheres, the specular resonance
functions as a blazing mechanism. On the basis of this con-
cept, possible configurations of transmission diffraction grat-
ings were discussed. A bilayer lattice of dielectric micro-
spheres in the range of S55 – 10 (D50.8– 1.6 mm for l
50.5 mm, and D52.5– 5 mm for l51.55 mm) is important
as a low-cost blazed transmission grating. Here, the spheres
can be replaced with cylinders or lenses. Tunable diffraction
devices with an efficiency exceeding that of conventional
gratings would be realized by microelectromechanical sys-
tems comprised of two optimally designed microlens arrays.
It is also of great interest to search for a phenomenon caused
by repeated specular resonance in much thicker microsphere
crystals.
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